Introduction
Environment and energy issues are considered to be most urgent things nowadays even in future. A lot of researches have been conducted to study how to prevent global warming and reduce energy consumption. In the field of building and urban environment, green roof attracts a lot of researchers' attention because it is considered to be a good solution for improving urban thermal environment by mitigating heat island and to reduce building cooling energy consumption by reducing cooling load. Alexandria et al. (2008) analyzed how much the urban canyon temperature can be decreased due to green walls and green roofs. Takebayashi et al. (2007) compared the building surface heat transfer of green roofs with common roofs and high reflection roofs. Kumar et al. (2005) developed a mathematical model to evaluate the cooling potential and solar shading effect of green roofs. Wong et al. (2003) analyzed the thermal benefits of green roofs in tropical area. Di et al. (1999) measured an actual green wall to analyze how much cooling effect is achieved. Elena (1998) analyzed the cooling potential of green roofs. Besides studying the green roofs' benefits of heat island mitigation and thermal isolation, the cost vs. benefit is also analyzed (Clerk et al., 2008) and green roof plants selection is analyzed as well (Spala et al., 2008) .
However, researchers seldom focus on how to improve air-conditioners' energy efficiency utilizing the cooling effect and solar shading of green roof plants. Therefore this chapter describes a new system combining the green roof plants with air-conditioners outdoor units for the purpose of utilizing the cooling effect and solar shading of green roof plants (Wang et al, 2008 (Wang et al, , 2009 . Figure 1 shows the structure of the combination system. The outdoor units of air conditioner are set under the plants and let air flow through plants and cooled down by plants. Also the plants shade solar radiation to prevent the outdoor unit from absorbing solar energy and raising surface temperature.
Indoor Unit
Fig. 1. The system combining the green roof plants with air-conditioner outdoor units.
Trees
Outdoor units of air-conditioner can be put under threes ( Figure 2 ). Trees can shade solar radiation to prevent outdoor unit from absorbing solar radiation. Trees can cool down air as well by transpiration and the cooled air flows down and is sucked into air-conditioner outdoor units.
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Grass and moss
Grass or moss type green roof plants can be lifted up over the air-conditioner outdoor units, as shown in Figure 3 . Gaps between plant blocks are needed to let cooled air flow through. The hung up plants can shade the solar radiation as well.
Grass or Moss
Outdoor Unit Fig. 3 . Combination of air-conditioner outdoor units with hung up grass or moss.
Vine
Vine type green roof plants are most suitable for combining with air-conditioner outdoor units because of the higher transpiration rate. Further, vine type plants suits for being cultivated using hydroponic technology. Figure 4 shows a typical hydroponic cultivation system, which consists of fertilizer tanks, fertilizing controller, fertilizer adjustment tank, circulation pump, and cultivation unit. Hydroponic technology can use a small area cultivation unit to grow a larger area of plants. So in the area covered by plants, only a small part needs to support the relatively heavy cultivation system, while most part only supports the plant vine, which is so light that its weight can be neglected from the viewpoint of roof supporting ability. Figure 5 shows an example of one hydroponic-cultivated tomato tree. From the figure, it can be seen that the cultivation unit only occupies a small part of the area covered by the plant.
Compared with soil-cultivated green roof, hydroponic-cultivated green roofs are light enough to set on existing buildings, which did not consider the weight of cultivation soil during design phase so it cannot burden the weight. Further, the hydroponic-cultivated green roof plants are light enough to be lifted up over the outdoor unit of air-conditioners, which makes the combination system feasible.
Experimental study on the cooling and shading effect of hydroponiccultivated plant
For the purpose of check the energy saving potential of the combination system, experimental devices are set up on the roof of a five-story office building in Osaka Japan. 
Experiment setup
Experimental device and measurement points are shown in Figure 6 . Measured items and instruments are shown in Table 1 . Data are recorded with five minutes interval using a data logger. The hydroponic cultivation device is set on a stage with 1.4 meters height on the roof. The vertical walls of the stage are closed using isolation material to let air can only flow from upside and go through the plants. The upper side of the stage is covered by metal mesh, where the plants spread vines and air can flow through as well. Three ducts equipped with a fan respectively are connected to the south wall of the stage to suck air under the stage, acting as the same function of the outdoor unit fans of air-conditioner.
Sweet potato is selected as the plant because it has high transpiration rate, grows fast, and is strong against wind. The sweet potato was planted on 22nd May 2007. One month later, it began to grow fast with a speed of 0.8 m 2 of horizontal projection area per day until the end of September. Figure 7 shows the plant growing situation at the end of September. In October, its growth slowed down and withered at the beginning of November. So generally speaking, the air-cooling and solar shading effect can be utilized for two months of August and September, which are period with large cooling load. This indicates that the combination system is meaningful for actual application.
For the purpose of check the cooling potential of the plants, the following experiments are conducted. 
Experimental results
T h e e x p e r i m e n t a l p e r i o d i s f r o m A u g u s t 15th to September 23rd. Although data are recorded 24 hours a day, the cooling affect can only be observed during the period when photosynthetic radiation is active enough to trigger plant transpiration. The observed transpiration and cooling effect are mainly in the period of 10:00 -16:00, therefore the data during this time are used for analysis.
1) Air temperature decrease
For the experimental period, the daily temperature decreases of maximum, minimum, average of 10:00 -12:00, and average of 13:00 -16:00 are as shown in the upper part of Figure 8 . The daily average temperature decrease for clear and no-water-sprinkling days is 1.3 o C. While the average temperature decrease for rainy or water-sprinkle days is 3.0 o C, which is 2.3 times of that in clear and no-water-sprinkling day. However, the temperature decrease does not differ much for the air flow rate of 2000, 4000, and 6000 m 3 /h.
2) Plants transpiration
The daily sum and 10:00 -16:00 sum of transpired water are shown in the lower part of the Figure 8 . The maximum and average daily summed transpirations are 8.3 and 6.3 kg/m 2 horizontal area respectively for clear and no-water-sprinkle days. For the days when water was sprinkled upon the plants, the transpiration is relatively small because leaves were wet and the transpiration temporally stopped.
The comparison of different plant transpiration rate is shown in Figure 9 . The maximum daily transpiration rate (kilogram water per square meter of horizontal projection area) of hydroponoic-cultivate sweet potato is 13.8 times of sedum without water-sprinkle and 1.8 times of sedum with water-sprinkle. The maximum transpiration of hydroponoic-cultivate sweet potato is similar to a single tree, which indicates the hydroponoic-cultivate sweet potato can transpire as much water as a tree, while a tree has 20 times more leaf volume per unit horizontal projection area than sweet potato.
3) Solar radiation shading
The solar radiations over and under the plants on a typical day are shown in Figure 10 . Even the solar radiation is as high as 1000 w/m 2 , the measured solar radiation under the plants is no more than 10 W/m 2 . That is to say more than 99% solar radiation is shaded by the plants. Therefore hydroponic-cultivated green roof plant can shade solar radiation enough to ignore the influence of solar radiation to the outdoor unit of an air-conditioner. 
Estimation of energy saving effect based on experimental data
Based on experimental data, energy saving potential of the combination systems can be estimated using the measured air temperatures before and after being cooled down by the plants and the solar radiation after being shaded.
The calculation flow for estimating the energy saving is shown in Figure 11 . Firstly calculate the air cooling effect T  caused by plants transpiration and solar shading. Then calculate air-conditioners' energy consumption using an air-conditioner energy consumption model. 
Air cooling effect
The air temperature decreasing is caused by two reasons. The first is the plants transpiration. The measured temperature differences between the air over and under the plants are used for the calculation. The second is the equivalent air temperature decrease caused by solar shading. If there is no plant shading, the outdoor unit will absorb solar radiation and its surface temperature will rise. This part of heat will raise the temperature of the air sucked into the outdoor unit. The air-conditioners' energy efficiency will be decreased by the temperature increasing of sucked in air. The air temperature increase is calculated using the following equations. (1)
Air-conditioner energy consumption model
A regression model fitted using air-conditioner manufacturer's specification data is used to calculate the air-conditioner's energy consumption (Wang et al., 2005) . energy saving is different. The daily average energy savings are shown in Figure 12 . The maximum energy saving rate is 12% for the air-conditioners with high efficiency improvement ratio, and 3% for the air-conditioners whose efficiencies improve little accompanying to outdoor air temperature decreasing.
The summed energy savings for the experimental period are shown in Table 2 . If watersprinkle is not conducted, the energy saving ratio is 4% for the air-conditioners with high efficiency improvement ratio, and 1% for the air-conditioners with low efficiency improvement ratio. If water-sprinkle is conducted for two hours a day, the energy saving ratios are 9% and 2% for the air-conditioners with high and low efficiency improvement ratio respectively. Among the total energy saving, about 10% is from solar shading and 90% is from transpiration. The reasons for why the energy saving ratios at the air-conditioners of the Manufacturer A are roughly 4 times less than these of the others are not further studied because the detailed information is not available about how the air-conditioner operation is tuned corresponding to the different outdoor temperature. The possible reasons might be that different manufactures use different actions or components to tune the running of airconditioner accompanying to the change of outdoor air temperature. For example if outdoor air temperature decreases, for the air-conditioner with variable speed drive compressor can decrease the compressor's rotational speed to meet the requirement of low compression rate and maintain high efficiency as well. Low compressor rotational speed directly relates to low energy consumption because the energy consumption of airconditioners is roughly linear to compressor's rotational speed. While for the airconditioner with constant speed drive compressor can only decrease compression rate through increasing refrigerant flow rate and bypassing the redundant refrigerant flow. The larger flow rate needs larger energy input, which will counteract the energy saving benefitted from the decrease of compression rate. Further the flow rate larger than rated value will cause compressor efficiency decrease. So the energy saving rate might be small when outdoor air temperature decreases. Table 2 . Summed annual energy saving achieved by hydroponic-cultivated sweet potato.
Transpiration and cooling effect modeling
Because the energy saving potential estimation results based on experimental result might depend on the local climate conditions, for the purpose of developing a universal method to estimate the energy saving potential, modeling of the transpiration and cooling effect are needed. Therefore it is necessary to develop plant transpiration model, which is used to estimate the plant transpiration rate, and boundary layer model, which is used to calculate the air temperature decreased by plant transpiration.
Transpiration model
Plants control their transpiration rate by adjusting the opening of stomata, as shown in Figure 13 . So the transpiration rate can be calculated through dividing the water vapour partial pressure deficit () ia WW  by the stomatal resistance s r and boundary layer air resistance a r , as shown in Equation 4. The resistances can be calculated from their reciprocals, stomatal conductance s g and boundary layer air conductance a g , respectively (Equation 5). Boundary layer air conductance a g is usually used a constant value of 1.13 mol/(m 2 s) (Kadaira et al., 2005) . Here Equation 6 (Campbell and Norman, 1998 ) is introduced to improve the model accuracy by considering the outdoor wind speed. Regarding the stomatal conductance s g Jarvis (1976) proposed a model to estimate it using the leave surface temperature T , photosynthetically active radiation (PAR) Q and water vapour saturation pressure deficit D (Equation 7 ). Based on Jarvis model, Kosugi et al. (1995) improved the models of   f Q ,   f T , and   f D and found that the models shown in Equation 8, 9 and 10 can suit for more plant so these models are used in this research. Further Kadaira et al. (2005) proved through experiment that in Equation 9 ambient air temperature  can substitute for the leaf surface temperature T with acceptable accuracy. Kadaira et al. (2005) also found that the PAR can be accurately estimated by multiplying global sky radiation J by a correlation coefficient of Q C with the value of 2.1 (Equation 11). To use these models to estimate the transpiration rate, seven coefficients need to be fitted using the data of the plant that the system uses, i.e. 
The transpiration model is validated using the data measured in the former mentioned experiment.
The measured solar radiation, wind speed, ambient air temperature, plant cooled air temperature, leaf surface temperature, stomatal conductance, transpiration rate, etc. are used to fit the seven coefficients mentioned above. The fitted coefficients and fitting accuracy (Root Mean Square Error, %RMSE) are shown in Table 3 . Then the fitted equations are used to calculate the leaf stomatal conductance and transpiration rate. The calculate transpiration rates are compared with measured ones, as shown in Figure 14 . The average and root mean square error (RMSE) are 2.9% and 18.8%, which show that the model accuracy is acceptable for simulation study the energy performance of the combination system. Table 3 . Coefficients fitted for calculating stomatal conductance.
Boundary layer model
After the transpiration rate is obtained, next step is to use it to calculate how much the air temperature can be decreased by the transpiration. A physical model is considered, as shown in Figure 15 . . Further, because the volume of boundary layer b V is so small (it is 88.7 m 3 for the green roof with a length of 10 m when calculating using boundary layer thickness Equation 20 (Kato, 1964) Fig. 16 . Comparison of calculated and measured air temperature difference.
Methodology for predicting energy saving effect using simulation 6.1 Simulation flow
The flow of predicting the energy saving of the combination system is shown in Figure 17 .
The following five modules are used to calculate the energy savings. Fig. 17 . The flowchart of predicting energy consumption of the system combining the green roof plants with air-conditioner outdoor units. 1), which is used to consider the solar shading effect. 4. Cooling load simulation software, which is used to simulated the cooling load of a given building. 5. Air-conditioner model, which is used to calculate an air-conditioner's energy consumption give the outdoor air temperature, indoor air temperature, and cooling load. The regression model fitted using manufacturers' specification data is used (Equation 2).
Simulation results
The former explained methodology is used to check the energy saving potential of the airconditioners made by six main air-conditioner manufactures. They are divided into to three groups: high, middle and low improvement of energy efficiency accompanying to the outdoor air temperature decreasing. The cooling loads of a standard office building at four typical climate areas of Sapporo, Tokyo, Osaka, and Naha in Japan are simulated and used to estimate the energy consumed by the three groups of air-conditioner at the conditions of with and without combining outdoor unit with hydroponic-cultivated sweet potato. The results are shown in Table 4 . The energy saving rate is similar at four different areas. It is about 8%, 6% and 1% for the high, middle and low efficiency-improvement group respectively. 
Summary
This chapter describes how to improve energy efficiency of air-conditioners by combining the air-conditioner outdoor units with green roof plants for the purpose of utilizing the plant transpiration cooling effect and solar shading effect.
Experimental system was set up to measure the actual plant cooling and solar shading effect. The measurement results show that: 1) the air temperature can be cooled down by the hydroponic-cultivated sweet potato by 1.3 o C in average for clear day and 3 o C in average when water was sprinkled; 2) more than 99% solar radiation can be shaded by the plants.
Based on the experimental results, energy saving potential of the combination system was estimated for typical air-conditioners from different manufacturers. The results show that for clear days, the energy saving ratio is about 4% for air-conditioners with high efficiency Finally the methodology of predicting the energy saving potential using the models is explained. Four typical climate areas in Japan are selected to simulate the cooling loads and energy saving potentials of combining green roof plant with air-conditioner outdoor units.
The simulation results show that the energy saving rates are similar for the four typical climate regions, which are about 8%, 6% and 1% respectively for the air-conditioners with high, middle and low efficiency-improvement ratio accompanying to air temperature decreasing.
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Nomenclature
a : Reaction efficiency of stoma opening corresponding to light a i , b i , c i , d, i=1,2,3: Coefficients fitted using manufacturer specification data CA: Cooling amount produced by an air-conditioner (kW) C pa : Specific heat of dry air, 1.005 kJ/(kgDA o C) C pw : Specific heat of water vapor, 1.846 kJ/(kg o C) C t : Outdoor wind turbulent coefficient, 1.4 C Q : Correlation coefficient between PAR and sky global radiation, 2.1 
